This article discusses the optical-SNR variation of Stokes lines in Brillouin-Raman fiber laser. This variation is partly attributed to the cavity modes interaction through intraline-FWM residing the same spectral width. The worst OSNR is obtained at 650 mW Raman pump power (RPP) and 1555 nm Brillouin pump wavelength (BPW). The improvement is obtained for the RPP beyond 650 mW.
Introduction
Nonlinear effects in optical fiber for the generation of multiple wavelengths source have been extensively studied. One of them is stimulated Brillouin scattering (SBS) used to generate a narrow-spacing Brillouin Stokes lines (BSL) lasers [1] . In order to reduce the cavity losses, Raman amplification (FRA) based on dispersion compensating fiber (DCF) is deployed [2] . This structure is dubbed as Brillouin-Raman fiber laser (BRFL) assisted by Rayleigh scattering (RS), acting as the virtual mirror [3] . As a result, the optical signal-tonoise ratio (OSNR) is low due to the weak RS reflectivity.
In this experiment, the OSNR variation of the BSL is analyzed. The findings show that the spectral broadening of the BSL is caused by the modes interaction within the same BSL spectrum through the intra-cavity four wave mixing (i-FWM) process. The interaction strength is indirectly influenced by the RPP and the red-shift effect on the Raman first peak gain. The experimental set-up is depicted in Fig. 1 . The Raman gain is provided by the 14.8-km DCF pumped by a Raman pump unit (RPU) at 1455 nm. The DCF has a dispersion value (D λ ) of -1319 ps.nm -1 at 1555 nm, a dispersion slope (S λ ) of 0.0350 ps.nm -2 .km -1 , an effective core area (A eff ) of 15 µm 2 and the nonlinear coefficient n 2 /A eff =1.75x10 -9 W -1 , where n 2 is the nonlinear refractive index (RI). The BP is from a tunable laser source (TLS) having maximum output power of 6 dBm from 1520 nm to 1620 nm and linewidth of about 200 kHz. It is injected via a 3-dB coupler into a wavelength selective coupler (WSC) before experiencing Raman amplification in the DCF. The first-order BSL is generated when the BP power reaches the SBS threshold. It is amplified by the FRA while propagating in the opposite direction to the BP. During this time, it generates a second-order BSL propagating in the same direction as the BP. This process continues as long as a particular higher-order BSL has a round-trip gain equals to the cavity loss. The round-trip oscillation is enhanced by mirrors at both ends of the cavity, reflecting both BSL and the RPP. The mirror reflectivity is more than 95% for 1520-1570 nm range and is around 89% at 1455 nm. The BSL spectra are taken from the 3-dB coupler and circulator (Cir), and measured using the optical spectrum analyzer (OSA) with a resolution bandwidth set at 0.015 nm. The BP wavelength (BPW) is initially set at 1555 nm within the Raman-FPG. While its power is fixed to 6 dBm, the RPP is varied from minimum to the maximum value of 1.5 W. Fig. 2 shows some selected optical spectra at different RPP values. For the RPP lower than 300 mW, the generation of the BSL is similar to the conventional Brillouin-Erbium fiber laser (BEFL) in which its number increases in tandem with the RPP [10]. The Raman second peak gain (Raman-SPG) becomes significant when the RPP is pushed to 650 mW as shown in Fig. 2(a) . The red-shift effect was experimentally observed at high RPP, due to thermal effects that cavity temperature (∆T) increment, resulting in laser cavity (∆d) expansion and RI (∆n) change. These changes affect the resonance condition by inducing wavelength shift (∆λ), written as [4] .
Results and discussions
Here n and d are constant values at room temperature. ∂n/∂T and ∂d/∂T are the change rates of RI and thermal expansion with respect to temperature.
The red-shift effect is more significant for the Raman-FPG. As a result, the cavity modes within 1550 nm region experience small FWM effect, resulting in OSNR improvement through the power reduction of cavity modes inside the BSL spectral-wing. The output spectra of BSL at 350 mW and 650 mW of RPP are further investigated (not shown). Its OSNR degrades severely when the RPP is varied from 350 mW to 650 mW. However, within 650 mW and 900 mW range, its OSNR considerably improves in accordance with the RPP increment as shown in Figure 2 In Fig. 3 , the BSL linewidth broadens from 0.022 nm to 0.042 nm for the RPP varied from 400 mW to 650 mW. In contrast, it narrows from 0.042 nm to 0.024 nm for the RPP driven at 900 mW. The existence of cavity modes inside the BSL line is mathematically proven using the free spectral range (FSR) estimation i.e. nL c 2 / = ∆ν , where n is the fiber RI. In this structure, the FSR is around 7 kHz which is much smaller than the 200 kHz of BP linewidth. Besides, the non-phase matching ∆kL=β 2 (2π∆ν) 2 ·L is negligible, which is about 3x10 -3 << 1 [5] . Owing to the limitation of OSA resolution, these modes are not individually observed. Since the FSR is small the cavity modes are very close to each other, leading to stronger mode interaction, which indirectly induces spectral variation. As the RPP is further increased, the Raman-FPG experiences redshift thus reduces the modes interaction by decreasing the spectral-wing strength. As a result, the BSL linewidth becomes narrower as indicated by OSNR improvement. The critical RPP values for the 1549 nm, 1552 nm, 1555 nm and 1557 nm are found at 300 mW, 400 mW, 650 mW and 700 mW respectively. This trend implies that for longer BPW values, higher RPP values are required to red-shift the Raman-FPG away from the BSL under study. At 1560 nm BPW, a much higher RPP values are required for the red shift. Briefly, this study shows that for the shorter BPW, the critical RPP values is low and it increases in tandem with the BPW.
Conclusion
The OSNR performances of the BSL in BRFL are investigated. Owing to a long cavity medium, the cavity modes are very close to each other that enable them to interact among themselves. This interaction causes the spectral broadening of the BSL, leading to the OSNR deterioration. It is maximized when the Raman-FPG is within the spectral region under study. The OSNR also depends on the interplay between RPP and BPW and can be reduced by shifting the Raman-FPG away from their spectral location. This can be achieved by means of red-shift effect attributed to the RPP increment i.e. thermal effect, as indicated by OSNR improvement.
